The mass of a protoplanetary disk limits the formation and future growth of any planet. Masses of protoplanetary disks are usually calculated from measurements of the dust continuum emission by assuming an interstellar gas-to-dust ratio. To investigate the utility of CO as an alternate probe of disk mass, we use ALMA to survey 13 CO and C 18 O J = 3 − 2 line emission from a sample of 93 protoplanetary disks around stars and brown dwarfs with masses from 0.03 -2 M in the nearby Chamaeleon I star-forming region. We detect 13 CO emission from 17 sources and C 18 O from only one source. Gas masses for disks are then estimated by comparing the CO line luminosities to results from published disk models that include CO freeze-out and isotope-selective photodissociation. Under the assumption of a typical ISM CO-to-H 2 ratios of 10 −4 , the resulting gas masses are implausibly low, with an average gas mass of ∼ 0.05 M Jup as inferred from the average flux of stacked 13 CO lines. The low gas masses and gas-to-dust ratios for Cha I disks are both consistent with similar results from disks in the Lupus star-forming region. The faint CO line emission may instead be explained if disks have much higher gas masses, but freeze-out of CO or complex C-bearing molecules is underestimated in disk models. The conversion of CO flux to CO gas mass also suffers from uncertainties in disk structures, which could affect gas temperatures. CO emission lines will only be a good tracer of the disk mass when models for C and CO depletion are confirmed to be accurate.
INTRODUCTION
The formation and migration of planets within protoplanetary disks likely contribute to the rich diversity of exoplanet architectures (see review by Winn & Fabrycky 2015) . The initial disk mass, the evolution of the gasto-dust ratio, the evolution of gas surface density distribution with time and the gas dispersal timescale all influence how many and what types of planets can form in a stellar system (e.g., Pollack et al. 1996; Boss 1997; Mordasini et al. 2012; Alexander et al. 2014) . Statistical studies reveal possible correlations between stellar mass and planet occurrence rates, including a higher frequency of small planets in close orbits around M-dwarfs than around FGK stars (Howard et al. 2012; Mulders et al. 2015a ) and a higher occurrence rate of giant planets around solar-type stars than around M-dwarfs , although this correlation may not apply to hot Jupiters (Obermeier et al. 2016) . While these relationships likely originate in correlations between stellar mass and disk properties, linking disk properties to the outcome of planet formation requires an unbiased census of initial disk masses and the evolution of disk mass and structure with time.
Recent sub-mm surveys of disks demonstrate that the dust mass in disks is strongly correlated with stellar mass in individual regions with ages between 1-10 Myr Mohanty et al. 2013; Ansdell et al. 2016 Ansdell et al. , 2017 Barenfeld et al. 2016; Pascucci et al. 2016) . The correlation of dust mass with stellar mass is steeper in the 5-10 Myr Upper Sco association than in the younger regions, which when combined with a much lower fraction of stars with disks in Upper Sco (Luhman & Mamajek 2012) suggests that dust in disks evolve quickly and with a dependence on the mass of the central star. However, the estimates of dust mass rely on the dust opacity, which depends on the dust grain size distribution and composition (e.g., Beckwith et al. 2000) , and on the assumed dust temperature (e.g., Andrews et al. 2013; Pascucci et al. 2016; van der Plas et al. 2016) . In addition, the total disk mass is usually converted from dust mass using the gas-to-dust ratio of ∼ 100 for the interstellar medium (Bohlin et al. 1978) . During disk evolution, gas and dust may decouple from each other, as seen in differences in their spatial distributions in some disks (e.g., Isella et al. 2007; Andrews et al. 2012; van der Marel et al. 2013; Perez et al. 2015) .
Independent gas mass measurements are needed as observational evidence to better understand gas and dust evolution. Because H 2 does not emit at cold temperatures, CO isotopologues are widely used to probe the gas content of disks. CO chemistry has been studied extensively and the pure rotational CO lines are readily detectable at millimeter wavelengths (Henning & Semenov 2013) . However, as with dust, the conversion of a CO line luminosity to a total gas mass is plagued by uncertainties, primarily in the gas-phase CO-to-H 2 abundance ratio and in isotopologue ratios. Even for C 18 O, line opacities can be high is some disks (e.g. Yu et al. 2017 ).
CO gas depletes through freeze-out at the disk midplane (e.g., Dutrey et al. 1997; van Zadelhoff et al. 2001) , reducing the CO-to-H 2 abundance ratio. CO gas is also photodissociated in the warm surface layer of the disk (e.g. Aikawa et al. 2002; Kamp & Dullemond 2004; Gorti et al. 2011; Walsh et al. 2012) , in which the less abundant C 18 O and 13 CO are selectively dissociated by ultraviolet radiation, while 12 CO may effectively self-shield. This isotope-selective photodissociation therefore modifies the abundance ratios of the CO isotopologues and the conversion from rare isotopologues to the CO gas mass (van Dishoeck & Black 1988; Lyons & Young 2005; Smith et al. 2009 ).
When CO freeze-out and isotope-selective photodissociation are implemented into chemical models of disks, the conversion between line luminosities and disk mass change by as much as two orders of magnitude (e.g. Woitke et al. 2009; Miotello et al. 2014) . Miotello et al. (2016) (hereafter, MvD16) provides conversion factors from CO isotopologue line luminosity to disk mass, calculated from thermo-chemical models of static disks that include freeze-out and isotope-selective photodissociation, as implemented from the DALI code (Bruderer 2013; Miotello et al. 2014) . In an earlier, simplified approach, Williams & Best (2014) (hereafter, WB14) developed parametric models of disk properties, constraining the CO freeze-out at T < 20 K and estimating isotope-selective photodissociation by a reduction of C 18 O abundance. The gas mass is then derived by comparing the observed CO isotopologue line luminosity with their simulated line luminosity.
A possible missing ingredient in these static disk models is carbon depletion into complex molecules, which may then freeze out. Carbon depletion, in excess of that estimated from freeze-out or photosdissociation, is inferred from the comparison of HD and CO gas mass Favre et al. 2013; Schwarz et al. 2016; McClure et al. 2016 ) and from observations of neutral C and CO emission (Kama et al. 2016a ). To account for these discrepancies, elemental carbon may be sequestered from CO into more complex carbon chains or CO 2 , which is then locked up in ice grains (Favre et al. 2013; Du et al. 2015; Kama et al. 2016b ). Similar depletion processes also apply to oxygen volatiles, as suggested from water observations (e.g. Du et al. 2017) . The depletion of CO and other volatiles may be accelerated by vertical mixing, because the turbulence in the midplane is much lower than at the disk surface (Krijt et al. 2016; Xu et al. 2017) .
In this work, we use ALMA to survey 13 CO and C 18 O line emission from disks in the young (∼ 2 Myr, Luhman 2004), nearby (188 ± 12 pc, see Appendix A) 1 Chamaeleon I star-forming region, hereafter Cha I. Our results and interpretations are broadly consistent with the analysis of CO emission from disks in the Lupus star-forming region by Ansdell et al. (2016) and recent interpretation of those data by Miotello et al. (2017) . We first describe our ALMA observations and data reduction in Section 2. The methods developed for measuring the line fluxes and upper limits are presented in Section 3. The CO gas properties and disk mass inferred from the weak CO emission and disk models are described in Section 4-5. We compare our results with other starforming regions and discuss disk evolution and its implications for planet formation theories in Section 6.1 and 6.2. We summarize our findings in Section 7.
ALMA OBSERVATIONS
We use ALMA Band 7 to survey the Class II protoplanetary disks in Cha I in the Cycle 2 program 2013.1.00437 (PI: I. Pascucci). The sample was split into shallow observations of 54 stars with spectral type (SpTy) equal or earlier than M3, hereafter referred to as the Hot sample, and deeper observations of 39 stars with later SpTy, referred to as the Cool sample. The sample, observation calibrator setups, and results of the dust continuum are described in detail by Pascucci et al. (2016) . One object, 2MASS J11183572-7935548, is likely a member of Cha (Luhman et al. 2008; Murphy et al. 2013; Lopez Martí et al. 2013 ) and has been excluded from the global analyses of disks in this work.
In this paper, we focus on observations from one baseband, which was split into segments centered at 330.6 GHz to target the 13 CO J = 3-2 and at 329.3 GHz to target the C 18 O J = 3-2. The correlator was configured to cover both lines, each with a bandwidth of 117.2 MHz and a channel separation of 0.122 MHz (0.11 km s −1 ). The three other spectral windows were configured for continuum observations. For each target, two sets of observations were executed for a total integration time of 24 s per source for the Hot sample and 120 s per source for the Cool sample. The observations were performed in good weather conditions with a precipitable water vapor (PWV) of ∼ 0.6-0.9 mm.
The ALMA data are calibrated using the Common Astronomy Software Application (CASA) package and following the data reduction scripts provided by NRAO, including flux, phase, bandpass, and gain calibrations. The absolute flux scale has a systematic uncertainty of 10%. The two executions of each object are then concatenated using the concat task after flux calibration. Continuum emission is subtracted in the uvplane from the spectral windows containing CO isotopologue lines using uvcontsub task. The spectral line data cubes are then created with the clean algorithm using the continuum-subtracted visibilities. Considering the weakness of line emission and the low detection rate in our sample, natural weighting is chosen in clean to favor shorter baselines and hence achieve a higher signal-tonoise ratio (S/N).
In general, longer baseline visibilities trace smaller scale structures and shorter baseline visibilities trace extended emission from larger scale. Since our primary objective is to measure the total flux from the disk, all baselines are included in clean. This choice also provides consistency with the dust analysis of the same sample by Pascucci et al. (2016) . Excluding the visibilities with baselines < 40 kλ would avoid large-scale ripples from any extended emission but will also lower the calculated line fluxes in most cases. In alternate reductions that exclude baselines shorter than < 40 kλ, the flux differences are within uncertainty in most cases, although the two sources 2MASS J11075792-7738449 and 2MASS J11095340-7634255 would be much fainter. The 13 CO detection rates would also not be affected.
The resulting synthesized beam for the CO data cube is 0. 7×0. 5 for both samples, the same as the continuum data. The CO transitions are imaged at a spectral resolution of 0.25 km s −1 , and reach the 1σ noise rms of 30 (43) 
MEASURING CO LINE FLUXES AND UPPER LIMITS
Only a few strong 13 CO detections are easily identified from line profiles. Therefore, we develop a method to uniformly identify weak detections and measure line fluxes, uncertainties, and upper limits from the continuum-subtracted cleaned images. We first stack the images and spectra from the full sample to identify the emission region and velocity range used for uniform flux measurements for each source. The flux uncertainties are calculated by using the full spectral images outside the CO emission range, which yields lower uncertainties and better consistency within the Hot and Cool samples than if only the CO spectral channels would have been used. For sources with CO detections, the extraction regions are adjusted to calculate final fluxes that include the full spatial extent of the emission. The following subsections describe each step in this method.
Defining the Extraction Region
We obtain initial CO images by integrating over the velocity range of 0 -10 km s −1 over which emission is detected (see Figure 1 , right panels). The images are shifted to the centroid position of the continuum emission by applying the phase-center offsets from Pascucci et al. (2016) , weighted by the noise (not noise squared, so that each observation contributes equally to the final stacked image), and then stacked into a single image. For sources that were not detected in continuum emission, a phase-center (position) offset of −0. 3 in right ascension and 0. 0 in declination were adopted from the median phase-center offset of continuum detections from Pascucci et al. (2016) .
The stacked images for 13 CO and C 18 O are shown in the left panels of Figure 1 , with the peak S/N per beam of 5.8 and 3.5, respectively. Based on the 3σ contours, we adopt extraction radii of ∼ 0. 6 for 13 CO and 0. 3 for C 18 O, both centered at the continuum position. Stacked images from the continuum-detected sources yield similar spatial extent but higher peak S/N. Although 13 CO and C
18 O should be emitted from the same disk emis- sion area, the marginal detection in C 18 O leads us to choose a smaller extraction radii (with a total aperture size comparable to one beam size) to optimize the detection rate of weak signals.
The spectra are then extracted from these circular apertures centered at the measured or expected continuum source position from Pascucci et al. (2016) . Because only a few sources show a clear spectral profile, we also stack all spectra, weighted by rms and binned by four channels to a spectral resolution of 1 km s −1 . The upper right panel of Figure 1 shows that the stacked 13 CO emission covers from 0 -10 km s −1 , which is adopted as the extraction velocity range for flux calculations. The centroid velocity of 13 CO emission of 5.4 km s −1 is consistent with the radial velocity measurements of an average LRSK value of ∼ 5 km s −1 in Cha I sources (e.g. van Kempen et al. 2009; Nguyen et al. 2012) . Since the stacked C 18 O line lacks sufficient S/N to measure the spectral profile, we assume that C 18 O and 13 CO have the same emission velocity. 
Measuring the uncertainties in fluxes
The spatial and spectral extraction regions defined in §3.1 will be applied in §3.3 to measure fluxes and upper limits in the 13 CO line in the 0-10 km s −1 spectral range and 0. 6 radii apertures (0. 3 for C 18 O). In other studies, the uncertainty is usually measured from the noise level in the same velocity channels as the flux measurements. In this section, we demonstrate that this approach yields large inconsistencies across the sample. We instead develop a method to use the full spectral range to assess uncertainties that are uniform within the hot and the cool sample.
Uncertainties in fluxes are measured by calculating the standard deviation of fluxes in randomly distributed apertures with the same extraction area and 10 km s −1 velocity widths. The velocity ranges used for uncertainty calculations are spread across the full spectral band in six independent ranges 2 , hereafter called control channels, and from 0 -10 km s −1 , called the emission channels. In each 10 km s −1 velocity range from the control channels, fluxes are extracted from twenty circular apertures, each placed at random central location across the image. In the 0 -10 km s −1 emission channels, the aperture centers are always located at a distance of two radii from the source center.
The mean value and standard deviation of uncertainties from each sample are shown in Figure 2 and Table  1 . When only the 0 -10 km s −1 range is used, the standard deviation of the uncertainties is 2.5 times higher than if the control channels are used. The large scatter of uncertainties in the 0 -10 km s −1 channels would render any uniform approach invalid, either by missing detections due to an anomalously high flux uncertainty or by yielding false detections when the uncertainty is underestimated. The uncertainty difference may be the result of the clean process during which the emission structure can introduce additional pattern noise spreading in these channels, although in a few cases the noise is lower in the emission channels. Therefore, we adopt the mean value from the six control channels as the flux 
Quantifying the Significance of Detections
To simulate a false detection probability and to determine the confidence level for detections, we compare the flux measurements centered on the CO lines with background fluxes from the six control channels for each of the 93 targets. The background fluxes are calculated within the measured (or expected) continuum center in each 10 km s −1 velocity range from the control channels with a 0. 6 radius aperture in 13 CO data cube (0. 3 for C 18 O), resulting in a total sample of 558 fluxes. The uncertainty for each target is adopted as discussed above. The normalized histograms of flux-to-uncertainty ratios (S/N) in 0 -10 km s −1 and in the control channels are shown in Figure 3 . The 558 data points from the control channels in 13 CO and in C 18 O are distributed in a Gaussian-like shape. Only one of 558 13 CO and two of 558 C 18 O data points have S/N larger than 3, consistent with the expectation for the frequency of a 3σ deviation from the mean in a Gaussian distribution. Therefore, we define 13 CO and C 18 O detections as any source exceeding 3σ significance from the 0 -10 km s −1 emission channels, respectively. With this cutoff, detections have a confidence level of ∼ 99.8%.
Fluxes are then measured in the 13 CO line using a 0. 6 radius aperture (0. 3 radius aperture for C 18 O), and with uncertainties applied from the analysis of the control channels. The distribution of S/N in 13 CO line includes a long tail exceeding 3σ. In the distribution of C 18 O fluxes, only one 4σ outlier stands out as a significant detection. Furthermore, while the distributions in the control channels are centered at zero significance, the peak positions of the distributions in 0 -10 km s −1 range fall at 1.5σ and 0.5σ in 13 CO and C 18 O, respectively. Many sources likely have 13 CO fluxes that are just below our detection limits and would have been detected with 2-4 times better sensitivity.
CO Line Fluxes and Detections
Following the methods described in §3.1-3.3, fluxes and uncertainties are measured consistently across our sample over a uniform spatial area and velocity range. Table B1 lists the measured fluxes and uncertainties for both 13 CO and C 18 O emission from each source, along with the flux-to-uncertainty ratios for 13 CO when a smaller (0. 3) extraction radius is used to avoid missing weak emission or small disks. In the stacked 13 CO image, the flux would be a factor of 2.5 lower if the 0. 3 extraction radius were used instead of the 0. 6 radius. Because the uncertainty increases with larger aperture size, in several cases the flux is significant when extracted from the smaller aperture and below significance when extracted from the larger aperture. The opposite may also occur when the emission is spread over large areas. Therefore, we classify sources as significant 13 CO detections if the flux exceeds 3σ significance when extracted from both apertures. Sources are considered tentative 13 CO detections if the flux exceeds ∼ 3σ only in one aperture or is nearly 3σ in both apertures. 2MASS J11100010-7634578 has 13 CO fluxes that are less than 3σ in both apertures for our uniform CO flux measurement but is considered a significant detection because the emission is spatially extended beyond the 0. 6 radius aperture. In addition, some sources with weak emission and a narrow line width may be missed in our analysis when 0 -10 km s −1 velocity range is uniformly used, since the uncertainty would increase when more channels are included.
For the sources classified as detections, the method adopted above to measure fluxes uniformly across the sample needs to be adjusted to account for different spatial sizes and line profiles of the CO emission. To determine the size of the 13 CO emission region, we generate intensity maps (zero-moment maps) by integrating over the 0 -10 km s −1 velocity range. We then measure the fluxes by increasing the circular aperture size in 0. 15 radius increments on the intensity map until the flux flattens. Since the increasing flux in a larger aperture could either be attributed to real disk signal or noise fluctuations, the real disk size is determined after inspecting the intensity map. For each individual detection, the resulting source size is used as the extraction aperture for flux measurements and is shown as dashed circle on intensity map in Appendix B1. In the extracted spectra, most 13 CO detections display weak emission across the 0 -10 km s −1 velocity range as shown in Appendix B1. Two exceptions, 2MASS J11004022-7619280 and 2MASS J11075792-7738449, exhibit narrow line emission with FWHM ∼ 1.5 km s −1 . For each detection, the final flux and uncertainty measurements are extracted from these updated spatial and spectral region of the 13 CO emission, as listed in Table B2 .
For the 13 CO non-detections, which are below 3σ significance in both apertures, the 3σ contour size in the stacked image is smaller than the beam size. It is therefore reasonable to choose the 0. 3 radius aperture (comparable to one beam size) for non-detections to lower the 13 CO upper limits. However, such a small aperture may miss emission from large disks with low surface density. While we adopt upper limits for 13 CO non-detections from 0. 6 radius aperture results, we also discuss the lower upper limits obtained from smaller extraction regions when results depend on fluxes. We also excluded the shortest baselines and repeated this full analysis. Most fluxes and uncertainties are similar, with two exceptions: the extended nebulosity near 2MASS J11075792-7738449 (see Section B.1.2) and the large disk around 2MASS J11095340-7634255.
ANALYSIS OF CO GAS DETECTIONS
In this section, we provide an overview of the general properties of the 13 CO and C 18 O emission, including fluxes and spatial distributions. We then investigate possible correlations with dust mass in the disk, stellar mass and accretion rate.
The general properties of CO detections
Out of 93 disks in our sample, 12 are classified as significant detections and 5 as tentative detections in 13 CO J = 3-2. The source 2MASS J11075792-7738449 shows extended 13 CO emission and extremely high 13 CO flux, which is likely associated with the reflection nebulosity and is excluded from the full sample analysis (see also Appendix B.1.2). Only the strongest continuum source in our sample, 2MASS J11100010-7634578, is detected in both 13 CO and C 18 O. Another source, 2MASS J11065939-7530559, is tentatively detected in C 18 O at 3σ but is rejected due to the absence of 13 CO emission. All of the significant and tentative 13 CO detections are also detected in continuum emission at 887µm (Pascucci et al. 2016) .
For the only detection in C 18 O, 2MASS J11100010-7634578, the flux ratio of 13 CO to C 18 O line emission is ∼ 1 − 2, much lower than expected from their isotopologue ratio of ∼ 8 (Wilson & Rood 1994) . This indicates that 13 CO is likely optically thick (see discussion in Appendix B.1.1). No other source is detected in C 18 O, which implies that the typical 13 CO emission is usually not as optically thick as suggested by this one source. The disk around 2MASS J11095340-7634255, which is bright in 13 CO, has a C 18 O flux upper limit that is 5-7 times fainter, consistent with the 13 CO being optically thin.
For a more universal assessment, we stack the 13 CO and C
18 O spectral images for all 13 CO detections (excluding 2MASS J11100010-7634578), applying the same approach as described in §3.1 and weighting by noise rather than noise squared. The mean signals are 574±31 mJy km s −1 in 13 CO and 68±16 mJy km s −1 in C 18 O, which is consistent with most 13 CO emission being optically thin. The stacked image of 75 sources that individually lack 13 CO emission yields a noise-weighted average line flux of 70±15 mJy km s −1 in 13 CO and 27±8 mJy km s −1 in C 18 O. The images of 13 CO non-detections, stacked separately in the Hot and Cool samples, yield fluxes of 59±15 mJy km s −1 and 31±13 mJy km s −1 , respectively. The stacking results confirm the analysis in §3.3 that some weak detections may be just beyond our detection limits. The stacked 13 CO images for 13 CO detections and non-detections are shown in Figure 4 .
Correlations of star and disk properties with CO line fluxes
The gas mass should depend on the initial mass of the disk, which is expected to vary with stellar mass, and on the mass loss rate from the disk due to viscous accretion onto the star and to mass loss in photoevaporative and MHD winds (e.g. Hartmann et al. 1998; Alexander et al. 2014; Armitage 2015) . In the viscous accretion disk, the viscous accretion rate should scale with the gas mass. As a consequence, if the 13 CO emission is an accurate diagnostic of the gas mass, then we should expect the (2016), also see Table B1 . Gray dots are continuum detections, while downward triangles stand for upper limits for non-detections. Significant (12) and tentative (5) 13 CO detections are marked with blue and red, respectively. The strongest continuum source, 2MASS J11100010-7634578, detected in both 13 CO and C 18 O, is noted with diamond. 2MASS J11075792-7738449, with off-source 13 CO emission, is marked with an 'X' . Right: Accretion rate for 82 sources (Manara et al. 2016a versus stellar mass (Pascucci et al. 2016) 13 CO flux 3 to correlate with the dust mass (if dust traces disk mass), the mass of the central star and the accretion rate onto the star. In this subsection, we investigate whether any of these parameters are correlated with the 13 CO line fluxes.
In this analysis, continuum flux densities and stellar masses 4 of our sample are adopted from Pascucci et al. (2016) . The stellar masses were calculated based on evolutionary tracks from non-magnetic models of Feiden (2016) and Baraffe et al. (2015) . For multiple star systems, the adopted stellar mass is the mass of the primary, following Pascucci et al. (2016) . Accretion rates are obtained from Manara et al. (2016a Manara et al. ( , 2017 and are adjusted for updated luminosities and stellar radii increased for the adopted distance and for the masses used by Pascucci et al. (2016) .
Figure 5 (left) shows the dust emission versus stellar mass, highlighting the 13 CO and C 18 O detections. Overall, sources with CO emission are located over a wide parameter space in both stellar mass and continuum flux. Within any single stellar mass bin, CO detections are more likely from sources with strong continuum emission. The strongest continuum emitters in both the Hot and Cool samples are also detected in 13 CO. When accounting for both significant and tentative detections, the deeper Cool sample has a similar 13 CO detection rate to the Hot sample. However, if we consider only the significant detections, nearly 75% come from the Hot sample, which again suggests that higher-mass stars tend to have brighter CO emission. Figure 6 demonstrates the correlation of 13 CO flux with respect to stellar mass. The best-fit linear relationship between the log of the stellar mass and the log of 13 CO flux is log(F 13CO /mJy) = 1.16(±0.13) × log(M * /M ) + 2.84(±0.18), calculated using a Bayesian analysis, as follows. To use the measured line fluxes and uncertainties in the full sample, we adopt the model as F 13CO = β · M α * with α and β sampled uniformly in prior range. The χ 2 likelihood function is then used to assess the fit quality, accounting for uncertainties in both F 13CO and M * and for the intrinsic scatter in the relationship. The posterior parameter space is sampled in a Markov Chain Monte Carlo (MCMC) algorithm with emcee (Foreman-Mackey et al. 2013) . We refer to corner maps in Appendix C for the posterior analysis results. The linear relation is then recovered by converting the best-fit model to log space. For the non-detections, we use the extracted fluxes and uncertainties instead of 3 times the uncertainty upper limits (also see discussion in Mohanty et al. 2013) .
In an alternative approach, the fit is constrained by 3σ upper limits rather than the measured data points and uncertainties. In this case, the Bayesian linear regression method Linmix 5 (Kelly 2007) yields a best fit with a slope of 1.14 ± 0.27 and a lower intercept of 2.50 ± 0.20. However, because the stacking demonstrates that the upper limits include some signal, we prefer using the full information. The slope is consistent and thus robust in both methods, but the intercept differs due to different treatment in upper limits and likelihood function.
In these fits 6 , the power law of 1.16 between stellar mass and 13 CO flux is shallower than the power law of 1.9 − 2.1 between stellar mass and continuum flux from Pascucci et al. (2016) 7 . The relationship between 13 CO flux and stellar mass may be steeper if higher sensitivity were achieved, especially for disks around low-mass 6 In these fitting methods, the best-fit results and uncertainties are likely dependent on the assumption of Gaussian scatter and prior distribution in Bayesian approach, especially when high fraction of data are upper limits. We therefore adopt a third fitting approach -the cenken routine in R NADA package (Feigelson & Babu 2012) , which uses the nonparametric Akritas-Thiel-Sen estimator (Akritas & Bershady 1996) and makes no initial assumption about the data distribution, to test the reliability of our results. This linear regression method including the censored data information but leaving out the measurement errors, provides the fitting result consistent with parametric modeling with slope and intercept of 1.07 and 2.58, respectively.
7 The correlation in stellar mass and continuum flux was calculated using the method of Kelly (2007) . We also fit the stellar mass and continuum flux relationship with model Fcont = β · M α * , which yields a slope of 1.45 and an intercept of 1.87. The fitted correlations in stellar mass and continuum flux from the two methods are reasonably consistent, when only 30% data are nondetections. As noted in Linmix, when there is non-detection, the maximum-likelihood estimate including upper limits may not be valid. When large fraction of data points are censored, the resulted correlation may likely not represent the true relation.
stars. Since 80% of our sample is not detected in 13 CO, more sensitive observations, especially for the low-mass end, are needed to better constrain this relation. The slope between CO flux and stellar mass may also be shallower because the 13 CO emission is more likely to be optically thick in more massive disks. The treatment of binarity likely introduces some additional error that is not accounted for in our analysis, since the appropriate mass may be the total system mass for circumbinary disks, or the mass of the secondary if the disk is around the less massive component.
The same Bayesian analysis applied to 887µm continuum fluxes, adopted from Pascucci et al. (2016) , and 13 CO fluxes for sources detected in continuum yields a best-fit result, log(F 13CO /mJy) = 0.58(±0.08)× log(F mm /mJy) + 1.71(±0.16).
The right panel of Figure 5 identifies the CO detections in our sample in a plot of accretion rate versus stellar mass. The only detection in both 13 CO and C 18 O lines, 2MASS J11100010-7634578, is indeed a strong accretor. However, in any stellar mass bin, accretion rates of 13 CO detections are within the range of accretion rates of 13 CO non-detections. A Kolmogorov-Smirnov two-sample test and CO non-detections yields a 74% probability, indicating statistically similar parent distributions. The same Bayesian analysis applied to stellar accretion rate and CO flux yields a slope of only 0.2. From the full sample analysis, there is at most a weak correlation between the gas emission from the disk and the accretion rate. The lack of a correlation is also consistent with the analysis of gas mass, measured from 13 CO and C 18 O emission, and accretion rate for disks in Lupus (Manara et al. 2016b ).
Morphology of CO emission
The 887 µm continuum images and 13 CO intensity maps for each detection are shown in Appendix B1. The radial profiles in the stacked continuum and 13 CO intensity maps from the full sample, as shown in Figure 7 , indicate that 13 CO emission is slightly more extended than dust emission, with a radial profile FWHM 30% wider in 13 CO emission. Similarly, many well-known disks, such as HD163296, V4046 Sgr and Elias 2-27, have 13 CO emission that is 2-3 times extended than the sub-mm dust emission (e.g., Isella et al. 2007; Rosenfeld et al. 2013; Pérez et al. 2016 ). The 13 CO emission for the tentative detections is typically unresolved in our beam with FWHM of ∼ 0. 6. The brightest 13 CO disk, 2MASS J11095340-7634255 has emission on 2 scales, and would be a factor of two fainter if baselines shorter than 40 kλ were excluded.
The 13 CO gas emission is spatially resolved in two transition disks, 2MASS J10581677-7717170 and J11173700-7704381 (see also §4.4). A lower gas surface density inside the dust cavity is often found from high-resolution observations in transition disks Zhang et al. 2014; Perez et al. 2015; van der Marel et al. 2015 van der Marel et al. , 2016 . In 2MASS J10581677-7717170, which shows an inner dust cavity from submm imaging (Pascucci et al. 2016 ), the 13 CO emission is stronger in the dust ring than in inner dust cavity, which may be caused either by a gas density drop (van der Marel et al. 2015) or insufficient sensitivity. The 13 CO emission is also azimuthally asymmetric, with an emission deficit to the west of the disk and 20-50% higher flux in the north peak. Even though the dust cavity is not resolved in 2MASS J11173700-7704381, the deficit of 13 CO emission is observed in the inner disk. Two emission clumps with peak fluxes differ by 30% are also seen in the NE-SW direction. However, due to the limited sensitivity, gas structures presented here may not fully represent the gas distribution in these systems. Higher resolution and more sensitive observations are therefore needed to recover the gas distribution in detail in these transition disks.
The 13 CO moment 1 map (velocity map) and line spectrum for each detection are also shown in Appendix Figure B1 . Throughout the Cha I sample, two stars, 2MASS J11004022-7619280 and 2MASS J11095340-7634255 show clear double-peaked line profiles in the 13 CO spectrum, with distinguishable red and blueshifted components in velocity maps that indicate Keplerian rotating disks. The narrow velocity range (3.5 -6 km s −1 ) in 2MASS J11004022-7619280 suggests that the disk is viewed nearly face-on. Another source, 2MASS J11100010-7634578, has azimuthally asymmetric 13 CO emission, with possible absorption at one location that may confuse the detection of Keplerian rotation (see Appendix B.1.1). Other sources probably lack sufficient S/N to display the pattern of Keplerian rotation.
CO Emission from Transition Disks
Transition disks have cavities in their dust distributions, as identified from a deficit of mid-IR emission and from high-resolution images of sub-mm continuum emission (see reviews by Cieza 2011 and Espaillat et al. 2014) . Nine disks in our sample were classified as likely transition disks, of which eight candidates were identified indirectly from their mid-IR spectral energy distributions (Kim et al. 2009; Manoj et al. 2011 ) and one transition disk was identified directly from sub-mm imaging (Pascucci et al. 2016) . Four of these transition disks, 2MASS J10581677-7717170, 2MASS J11083905-7716042, 2MASS J11173700-7704381 and the Cha member 2MASS J11183572-7935548, are detected in 13 CO emission (including two that are spatially resolved, see §4.3). None of the transition disks are detected with C 18 O emission. The fraction of transition disks (or candidates) with detected with 13 CO (4/9) is higher than the fraction of non-transition disks with 13 CO detections (13/84).
In the comparison sample of Lupus (see also §6.1), 12 disks were classified as transition disk candidates from mid-IR spectroscopy, with six confirmed by sub-mm dust imaging (Ansdell et al. 2016) . Most (11/12) transition disks in Lupus were detected in 13 CO, and six of them were also detected in C 18 O (Ansdell et al. 2016 ). In both the Cha I and the Lupus sample, the 13 CO detection rate is higher in the transition disk sample than in the full sample.
CO GAS MASSES OF PROTOPLANETARY DISKS IN CHA I
In this section, we first describe our methods to convert the 13 CO and C 18 O line luminosities and upper limits into a gas mass for disk in our sample. We then discuss the range of gas masses and inferred gas-to-dust ratios, as well as the correlation of gas mass with stellar mass. These conversions provided by disk models may severely underestimate the total gas mass in the disk. Large uncertainties in the CO-to-H 2 ratio and the gas temperature structure are discussed in detail in Section 6.2.
Much of this analysis uses the stacked fluxes and the best fit line between the stellar mass and 13 CO flux to describe a typical source in the sample. The correlations and some interpretations may be biased to the few disks that are detected in 13 CO emission. The use of stacked fluxes should provide a more accurate estimate of the median source, although even these measurements may be skewed by outliers. A more robust analysis would require a much deeper survey with a high detection rate.
Converting line luminosities to gas mass
The amount of gas in protoplanetary disks provides important constraints on disk evolution and planet formation. Optically thin tracers are needed to probe down to the disk midplane. If the CO isotopologues are optically thin, as expected for low-mass disks, the uncertainty of converting a detected CO flux into disk mass resides in the [CO]/[H 2 ] ratio and isotopic ratios. Corrections for the line excitation and optical depth are also uncertain, especially when only individual lines and transitions are considered.
Physical-chemical models are needed to evaluate these processes and to reduce uncertainties, but it is timeconsuming to individualize the models to the specific (and often unknown) properties of each source in a survey. To provide a simple conversion factor from the observed line luminosity to gas disk mass, MvD16 developed hundreds of full thermal-chemical models that include isotope-selective photodissociation and CO freezeout. The models calculate the expected emission from disks with gas masses from 10 −5 -10 −1 M and a range of radial and vertical structures. In MvD16, stellar luminosities in models are calculated for 1 L for T Tauri stars and 10 L for Herbig Ae stars. Most of the 13 CO detections in our Cha I sample have stellar luminosities between 0.1-1 L . CO line luminosities are fainter by ∼ 25% for disk models with 0.1 L stellar luminosity compared with T Tauri models (Miotello et al. 2017) , which would lead to gas masses that are larger, but still within the uncertainties. In this analysis, we adopt the T Tauri models with stellar luminosity of 1 L . Other sources of uncertainty are introduced because the accretion rates in the MvD16 models are higher than measured accretion rates in Cha I (Manara et al. 2016a , and because the MvD16 models calculate models on full disks and do not consider the complicated physical structures that are likely present in all disks, including inner cavities.
In the low-mass disk regime from MvD16 disk models, CO line luminosities scale linearly with gas disk masses. Since most of our CO detections are only detected in 13 CO and have low line luminosities, we fit simple functions of disk mass with line luminosity using the median value in each mass bin from MvD16 model grids (see Appendix D1). Our fitting functions are slightly different from Miotello et al. (2017) in the choice of transition mass and in the treatment of disk inclinations in model grids. The gas mass derived using our fitted functions can be converted to the gas masses of Miotello et al. (2017) by dividing our gas mass by factors of 1.6 for disks with an inclination angle of 10
• and by 1.2 for an inclination angle of 80
• , respectively (see details in Appendix D). The measured line luminosities or upper limits are adopted for gas mass estimates in the fitted functions of MvD16 model grids, for the 13 CO detections or non-detections in our Cha I sample, respectively. For the sources detected only in 13 CO, gas masses are calculated from the fitted functions of 13 CO line luminosities. Upper and lower limits in gas mass are constrained by 13 CO line flux uncertainties and C 18 O upper limits. For the one source detected in both lines, we compare the gas mass and upper/lower mass boundaries from two separate fittings, and adopt the final gas mass with a lower limit from C 18 O and an upper limit from 13 CO. For the 13 CO non-detections, the upper limits are adopted from the smaller one of the gas mass upper limits, as estimated from 13 CO and C 18 O upper limits of line luminosities. The gas masses and upper/lower limits for our sample are listed in Table B2 .
An alternate effort by WB14 used parameterized model grids to estimate gas disk mass. The effects of CO freeze-out and CO photodissociation are explored under different surface density distributions, gas temperature profiles, gas disk masses, and disk geometry. The isotope-selective photodissociation is estimated by reducing the C 18 O abundance by a factor of 3. Tests of a few well-studied disks (e.g., DM Tau, GG Tau) suggest that this reduced C 18 O abundance yields results that are consistent with results from chemical models (Dutrey et al. 1997 ). To conduct a direct comparison of the two models, we derive the gas mass from WB14 model grids by adopting the same approach described in detail in Ansdell et al. (2016) . We search for model grids of simulated line luminosities within uncertainties of our observed 13 CO and C 18 O line luminosities or constrained by upper limits. Gas masses for 13 CO detections are adopted as the mean value of the log M gas from the acceptable models to reduce the effects of extremely large or small grid points. The upper (M max ) and lower (M min ) boundaries are also set by the maximum and minimum M gas in the accepted model grids. For sources without detected 13 CO emission, only upper limits for gas mass are provided. The gas masses and upper limits derived from WB14 are also listed in Table B2 . The high gas mass upper limits derived from WB14 are from disk models with low atmospheric temperatures and rapidly decreasing temperature profiles (e.g., T atm,1au =500 K, q = 0.65). If these specific model grids are excluded, then the upper limits on gas mass would not be much higher than gas masses inferred from 13 CO detections.
Gas masses and gas-to-dust ratios
The derived gas masses and upper limits for continuum detections in our Cha I sample are shown in the left panel of Figure 8 , from both WB14 and MvD16 models. Gas masses inferred from CO detections are very low, spanning from 0.03-1 M Jup (10-300 M Earth ). The two exceptions, 2MASS J11095340-7634255 and J11100010-7634578, have gas masses similar to the Minimum Mass Solar Nebula (MMSN, 0.01 M ), the mass of materials required to form the solar planetary system (Kusaka et al. 1970; Weidenschilling 1977) . We also stack the Hot and Cool sample separately in 13 CO and calculate the gas mass in MvD16 fitted functions. The stacked line fluxes correspond to gas masses of ∼ 0.07 M Jup (22 M Earth ) for the Hot sample and ∼ 0.01 M Jup (3 M Earth ) for the Cool sample.
Gas masses from MvD16 models are generally lower than from WB14 model grids, mainly due to a wider gas temperature range adopted in WB14 models (as discussed by MvD16). If additional depletion factors in the C 18 O abundance for lower mass stars are included in WB14 models, as suggested by the models of MvD16, then the parameterized models would yield even higher gas masses.
The inferred gas-to-dust ratios are shown in the right panel of Figure 8 , with the dust mass calculated by Pascucci et al. (2016) assuming a fixed dust temperature of 20 K and then scaled to the 188 pc Gaia distance. Since gas mass upper limits derived from WB14 are biased towards one set of disk models (see discussion in §5.1), gas-to-dust ratios based on WB14 gas mass are only shown for CO detections. The gas-to-dust ratios are spread over two orders of magnitude for sources detected with CO emission, and most sources have lower ratios than typical ISM value (∼ 100). The median value of gas-to-dust ratio is ∼ 4 when the gas mass is evaluated from MvD16 and ∼ 15 when evaluated from WB14. In most CO non-detections, gas-to-dust ratios are also lower than typical ISM value. The stacked gas masses in Hot and Cool samples, when applied with the mean dust mass in each sample, yield an average gas-to-dust ratio of ∼ 1, two orders of magnitude lower than the ISM value.
The choice of dust temperature affects the dust mass measurements van der Plas et al. 2016; Pascucci et al. 2016 , see discussion in). If T dust scales with L * , we would obtain lower gas-to-dust ratios in very low mass stars than when a constant T dust = 20 K is assumed, as cooler temperature leads to higher dust mass. However, T dust is independent of L * , if dust disk size scales linearly with stellar mass (Hendler et al. 2017) . The dependence of disk radii on stellar mass is not yet well quantified in unbiased samples. The low gas masses and low gas-to-dust ratios are consistent with the results from a small sample in Taurus (Williams & Best 2014 ) and a nearly complete Class II disk sample in Lupus (Ansdell et al. 2016; Miotello et al. 2017 ). We will discuss the implications of the low gas masses and gas-to-dust ratios in §6.2.
While the scaling relation between dust disk mass and stellar mass has been measured in multiple starforming regions Mohanty et al. 2013; Barenfeld et al. 2016; Ansdell et al. 2016; Pascucci et al. 2016) , the scaling relation between gas disk mass and stellar mass is less understood and only limited to the Lupus Clouds (Miotello et al. 2017) .
Due to the high rate of CO non-detections in our Cha I sample, we establish an empirical correlation between the gas mass and the stellar mass based on the relation of CO line flux with stellar mass and the conversion of CO line flux to gas mass. We adopt the best fit of 13 CO line flux with stellar mass in §4.2, and then convert the 13 CO line fluxes to gas masses based on the fitted functions of the median 13 CO line luminosity with gas mass from MvD16 models in §5.1. The best-fit gas mass and stellar mass relation is given as log(M gas /M Jup )= 1.27 (±0.14)×log(M * /M ) -0.76 (±0.11). This fit only provides an average gas mass in a given stellar mass bin and is highly dependent on the robustness of the relation of 13 CO flux and stellar mass. The real relation may be steeper, since 13 CO emission is more likely to be optically thick in more massive disks and lines from smaller disks are likely to be fainter. Miotello et al. (2017) and from Miotello et al. (2016) (in red) using estimated line fluxes or upper limits for 13 CO detections and non-detections, respectively. The locations for 1 MJup and MMSN are also marked. Black stars represent the average gas mass in Hot and Cool sample, based on the results from stacking the CO images. Right: Gas-to-dust ratio vs Stellar mass. The ISM value of gas-to-dust ratio is labeled out. The only detection in both lines, 2MASS J11100010-7634578, is marked with a solid star.
the rest non-detection upper limits. More CO detections from high sensitivity datasets and more accurate gas mass estimates are needed to evaluate the robustness of the established correlation between gas mass and stellar mass.
6. DISCUSSION Sub-millimeter continuum surveys of protoplanetary disks have all found that stellar masses and dust disk masses are strongly correlated, with large scatter (see review by Williams & Cieza 2011) . The disks in the 1-3 Myr-old regions of Taurus, Lupus and Cha I separately lead to indistinguishable relationships between the dust disk mass and stellar mass Ansdell et al. 2016; Pascucci et al. 2016) . In this section, we compare the CO gas properties of Cha I found here to those obtained in the ALMA survey of Lupus disks, which had a similar experimental design that targeted 13 CO and C 18 O emission 9 . We then discuss the implications for the weak CO emission detected from both Cha I and Lupus.
Comparison to CO emission from the Lupus Molecular Cloud
The ALMA survey of Lupus was implemented with a strategy similar to our Cha I survey. The Lupus sample was split into M-dwarfs, with a sensitivity comparable to our Cool Sample in Cha I (M3-M8), and AFGK stars, with a sensitivity 2 -3 times deeper than the Hot Sample (G2-M3) in Cha I. Twenty sources in Lupus 9 The ALMA continuum survey of the Upper Sco Association (Barenfeld et al. 2016 ) observed the 12 CO line, which probes the disk surface area instead of bulk gas mass.
lack optical/near-IR spectral types, are likely highly obscured or very low mass objects, and are excluded from all comparisons presented here. Stellar and CO luminosities of Lupus objects are adjusted to the updated Gaia distance of 157 ± 7 pc (see Appendix A). The average age of stars with disks in Lupus (∼ 2 Myr) is indistinguishable from the average age of those in Cha I.
The sub-millimeter continuum detection rate is higher in Lupus (58/69) than in Cha I (65/92). Pascucci et al. (2016) found that a single M dust to M * relation can explain the dust disk masses in both clusters within measurement uncertainties, with a similarity that is improved with the updated distances. The sub-mm dust emission suggests that Lupus and Cha I are in the same stage of disk evolution. In contrast, the 13 CO detection rate is much lower in Cha I (17%, or 15/91) 10 than in Lupus (48%, or 33/69). Because most of these detections are near the sensitivity limits, such a large difference may be explained by the differences in depth and sample. When the Lupus sample is scaled to the Cha I distance and assigned the sensitivity of our survey, the 13 CO detection rate in Lupus would decrease to 24%, similar to our detection rate for Cha I. When separated into stars of spectral type K, M0-M3, and M4-M6, the detection rate in each subsample is only slightly higher in Lupus than in Cha I, which may be explained by the different methodologies.
The 13 CO flux cumulative distributions for Cha I and Lupus, scaled to Cha I distance, are shown in the left panel of Figure 9 . The distributions are calculated using the Kaplan-Meier estimator in the R NADA package to include 3σ upper limits. The mean 13 CO flux is slightly higher in Lupus than in Cha I. The two distributions are generally consistent at the higher flux end. The large discrepancy in the low flux regime is mainly due to different sensitivities in the two regions. We also perform the two-sample test with the cendiff routine including censored data in NADA package, which estimates the probability of two samples sharing the same parent distribution. We first constrain the stellar mass distribution by assigning same number sources in each stellar mass bin in both clusters, following the same approach in Andrews et al. (2013) and Ansdell et al. (2016) . A two-sample test of 13 CO flux with censored data in the two sub-samples with same stellar mass distribution is then calculated. The cumulative distribution of statistical results (P value) from 10 4 iterations is shown in the right panel of Figure 9 , with the median P value of 0.25, indicating that the 13 CO flux distribution in Cha I and Lupus are statistically indistinguishable.
However, the conclusions from this comparison would change if the lower value of upper limits for 13 CO nondetections from the 0. 3 radius aperture were adopted. The 13 CO cumulative distributions for the two samples would be consistent at high fluxes, but the distribution in the Cha I sample would flatten out at low fluxes. The same two-sample test in 10 4 iterations results in a median P value of 0.003, which would suggest ruling out the hypothesis that the disk masses from both regions are statistically indistinguishable.
Because of the high fraction of non-detections in both samples, the differences in the beam sizes, sensitivities, and extraction methods prevent any firm conclusion on the similarity of CO gas properties in the disks in Lupus and Cha I.
CO depletion and implications for planet formation
CO line emission has been previously found to be fainter than expected from the dust emission, assuming the canonical ISM gas-to-dust and [CO]/[H 2 ] ratios (e.g., Dutrey et al. 2003; Chapillon et al. 2008; Rodriguez et al. 2015; Pericaud et al. 2016 ). This conclusion, from small and biased samples, was recently strengthened in a large and unbiased sample of disks in the Lupus star-forming region (Ansdell et al. 2016; Miotello et al. 2017) , and is confirmed here for a complete survey of disks from the young (2-3 Myr) Cha I star forming region. The derived low CO-based gas mass in 2-3 Myr old disks has three possible explanations: (1) the conversion of CO line flux to CO gas mass is incorrect, (2) the total gas mass in these disks are very low, or (3) the C depletion into CO and/or complex ices is underestimated, thereby altering the CO-to-H 2 ratio. We discuss each of these possibilities in the following subsections.
Conversion of CO line flux to CO gas mass
The conversion of CO line flux to CO gas mass requires the application of physical-chemical models, along with the canonical assumption that the CO-to-H 2 ratio is ∼ 10 −4 . Since each individual disk cannot be modeled, we rely upon results from grids of disk models (WB14 and MvD16) that were calculated over ranges of disk and stellar properties. As discussed in §5.1, these grids are not complete. Relative to our sample, the stellar mass and mass accretion rates in these models are high. Minigrids in Miotello et al. (2017) suggest that these results are robust to difference in stellar mass (stellar luminosity), though the uncertainties induced by changing the accretion rates are not explored.
The CO gas masses obtained from conversions using the WB14 and MvD16 grids are both very low, despite very different modeling approaches and implementation of isotopic-selective photodissociation. However, these conversions should be confirmed with further tests using independent disk models and dedicated analyses of disks with well-known structures. The uncertainties in the disk models include the temperature structure of the gas and the physical structure of the disk. Model grids cannot be expected to account for the many disk structures that must exist in our sample, and in any case our knowledge of these structures is very limited. If the gas surface density peaks sharply near the star, most of the gas will be optically thick and will not contribute significantly to the measured fluxes (Yu et al. 2016 (Yu et al. , 2017 . Observations of multiple CO lines at high spatial resolution could help to resolve this potential error.
Very low total gas masses
If gas masses are very low, the disk dispersal timescales for these disks would be implausibly short. Under the assumption that the 13 CO emission is accurately converted into a disk mass, a typical 0.7 M star in Cha I would have a disk gas mass of ∼ 10 −4 M . With a typical accretion rate of 2×10 −9 M yr −1 (Manara et al. 2016a , disks would disperse within ∼ 10 5 yr, a very short time relative to the current age of ∼ 2 Myr and the average disk dispersal timescale of 2 -5 Myr (e.g., Haisch et al. 2001; Hernández et al. 2008; Fedele et al. 2010) . Most gaseous disks would have already disappeared.
However, if the conversions between CO emission and CO gas mass are somehow correct, and the C is not depleted, then gas masses for the 2 Myr old disks in Cha I and in Lupus are very low and insufficient to form a ∼ 1 M Jup giant planet. An early start and completion of giant planet formation would be required to explain the abundance of giant planets in the observed planet population (Cumming et al. 2008; Winn & Fabrycky 2015) . The low gas-to-dust ratios implied by the low gas masses may facilitate the formation of planetesimals through either gravitational collapse or streaming instability (Youdin & Shu 2002; Youdin & Goodman 2005; Bai & Stone 2010) . The remaining mass in disks would be sufficient to continue forming superEarth and Neptune-mass planets, potentially explaining their prevalence around solar-type stars Mayor et al. 2011; Petigura et al. 2013; Mulders et al. 2015b ).
CO depletion into ices
These gas masses are also much lower than those obtained from HD emission McClure et al. 2016) , although the HD line was only detected for a few sources. The CO emission may not be an accurate tracer of the gas mass (see also Miotello et al. 2017) . A low CO abundance, and therefore weak emission, may result from most C turning into more complex carbon chains and freezing out into ices. Since the gas mass depends inversely on [CO]/[H 2 ], a higher gas mass would be obtained if the [CO]/[H 2 ] abundance ratio were lower. The few detections of HD emission from disks (with 3 detections from 7 objects in the sample) suggests that the gas mass may be ten times higher than that inferred from modeling the observed 13 CO emission and provides gas-to-dust ratios with median values consistent with 100 McClure et al. 2016) . In addition, the relationship between disk mass and mass accretion rate in Lupus supports predictions from viscous accretion, if gas-to-dust ratios of ∼ 100 (Manara et al. 2016b ) -however, modeling results of dust disk masses and accretion rates in Cha I may be more challenging to explain with simple viscous accretion (Mulders et al., in prep.) .
These results suggest a constant ISM gas-to-dust ratio in disks and in turn implies that gas masses from 13 CO are severely underestimated. On the other hand, direct absorption line measurements indicate a [CO]/[H 2 ] abundance ratio consistent with the ISM in the warm disk surface around RW Aur (France et al. 2014 ). The CO depletion may vary both with disk radius and disk height. Active carbon chemistry leads to the formation of carbon chains or CO 2 that freeze out subsequently to lock up the carbon and oxygen elements in the solids and thus lower the [CO]/[H 2 ] abundance ratio (Favre et al. 2013; Du et al. 2015; Kama et al. 2016a,b; Yu et al. 2016; Xu et al. 2017) . This interpretation was independently suggested also as the favored explanation for the low 13 CO fluxes in Lupus in the recent analysis by Miotello et al. (2017) . Additionally, the depletion of oxygen is also suggested from water observations and simulations as freeze-out of volatiles followed by grain growth and settling (Krijt et al. 2016; Du et al. 2017) , and has significant effects on hydrocarbon abundances .
If carbon and/or oxygen depletion is more severe than is currently estimated in the chemical models, a higher gas mass and gas-to-dust ratio would be recovered. The ISM gas-to-dust ratio can be achieved if CO abundance is depleted by a factor of 10-100, in which case gas masses in disks around the higher mass stars would be similar to the MMSN. In this case, measurements of CO depletion is required to calibrate the CO-based gas mass. A high C abundance in ices of complex molecules should affect the abundances in any planets that form within these disks, similar to the processes suggested for the CO and H 2 O ice lines byÖberg et al. (2011).
CONCLUSIONS
In this paper, we present an ALMA survey of 13 CO and C
18 O line emission in a large sample (93, complete down to 0.1 M ) of protoplanetary disks in the nearby (∼ 188 pc) and young (∼ 2 Myr) Chamaeleon I starforming region. We develop a uniform method to identify detections and measure line fluxes, uncertainties and upper limits. This method is optimized for analysis of surveys dominated by weak signals and upper limits. The gas masses of these disks are then estimated using the 13 CO and C 18 O J = 3 − 2 lines to understand how rapidly disk evolves. Our main conclusions are as follows:
• We detect 13 CO emission from 17 out of 93 sources (15 of 92 sources in Cha I with a disk origin), consisting of 12 significant detections and 5 tentative detections. Only one disk, 2MASS J11100010-7634578, is detected in both 13 CO and C 18 O lines. The sources with 13 CO detections have a wide spread in stellar mass, sub-mm continuum flux and accretion rate. The detection rates and line fluxes from stacked observations suggest that in most cases the measured 13 CO emission is optically thin on spatial scales of ∼ 0.5 − 1.0 arcsec, although the only source with C 18 O detection is optically thick in 13 CO (line flux ratio ∼ 1-2).
• Gas masses are estimated by adopting the parametric models (WB14) and full-chemical models (MvD16). Even though gas masses derived from WB14 are generally higher than from MvD16, the CO isotopologue emission constrain the M gas around 1 M Jup in the CO detections. The average gas masses derived from the stacked 13 CO line fluxes are 0.07 M Jup and 0.01 M Jup for Hot and Cool sample, respectively. If these gas masses are correct, then the derived gas-to-dust ratios would be 1-10, much lower than the standard ISM value of 100. These tiny disk masses inferred from the CO fluxes and chemical model grids imply dispersal timescales of disks through viscous accretion that are implausibly short, as estimated from measured accretion rates in Manara et al. (2016a Manara et al. ( , 2017 ).
• The low gas masses and low gas-to-dust ratios in Cha I, as derived from disk models with CO isotopologue emission, confirm similar results from a disk survey of the 1-3 Myr Lupus star-forming region. However, whether the disks from Cha I have similar or weaker CO fluxes than the disks in Lupus is uncertain because of observational differences and low detection rates.
• The conversions of CO flux to CO gas mass depend on the accuracy of the disk models, which have not been adapted to the full range of stellar luminosities, accretion rates, and disk structures. The gas masses may be severely underestimated if CO-to-H 2 abundance ratio is lower than the ISM value, which may be caused by C and/or O depletion and lock-up, or if CO freeze-out is underestimated. Additional observations of CO and other carbon-bearing species are needed to gain a comprehensive understanding on CO chemistry and thus the related gas masses.
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B.1. Comments on individual detections
In this subsection, we discuss the CO emission properties of the two sources 2MASS J11100010-7634578 and 2MASS J11075792-7738449 in detail.
B.1.1. 2MASS J11100010-7634578 2MASS J11100010-7634578 displays an incomplete and asymmetric ring structure in 13 CO emission and is the only source detected in C 18 O. The 13 CO intensity map, created by integrating the flux from 0 -10 km s −1 , shows a lack of 13 CO emission at the continuum center and to the NW of the disk ( Figure B2 , upper left). To understand this peculiar distribution of 13 CO emission, we extract four spectra from 0. 5 radius aperture in the marked positions of intensity map. Positions a and c correspond to the red-and blue-shifted components to the NE and SW directions, respectively, indicating a Keplerian-like disk structure (also see the velocity map in Figure B2 ). The flux difference in SW and NE directions is attributed to the apparent negative flux around 5 km s −1 in the blue-shifted component (marker c). The reason for negative flux in spectra c and d is unclear and may be caused by either random noise fluctuations or perhaps foreground absorption in Cha I cloud. The C 18 O emission is more compact towards the source center than 13 CO and is not affected by the negative fluxes. The flux ratio of 13 CO to C 18 O emission is ∼ 1, when extracting fluxes over the 0-10 km/s spectral range and the same aperture of 1.05 arcsec. If the velocity range from 4-6 km/s is excluded from both spectra, the 13 CO to C 18 O flux ratio increases to ∼ 2. If the 13 CO emission is optically thick where the sub-mm continuum is produced, then the continuum emission under the line would be absorbed and lower the line flux after continuum subtraction (see supplementary material in Isella et al. 2016) . At any given location in the disk, the line would be most opaque within the turbulent velocity of ∼ 0.5 km s −1 (e.g. Hughes et al. 2011) . Correcting the 13 CO flux for this effect would increase the line flux by ∼ 30%.
2MASS J11100010-7634578 is thought to drive the highly collimated jet HH 915, with a P.A. ∼ 135
• (Schegerer et al. 2006 ). Two near-infrared H 2 emission knots (marked as A and D in the velocity map in Figure B2 ), located to 11h07m56.50s 57.00s 57.50s 58.00s 58.50s 59.00s
RA ( the NW of the source location, were suggested as counterparts of the HH 915 object (Wang & Henning 2006) . The jet direction is perpendicular to the red and blue-shifted component direction (in NE-SW), as depicted in the velocity map. Therefore, the asymmetric 13 CO emission likely traces the Keplerian rotation of disk materials, with the NW part of disk contaminated by high noise fluctuation or strong absorption.
This source has a stellar companion discovered from near-IR interferometry with a projected separation of 1 AU (Anthonioz et al. 2015) , which is too close to affect the disk at the large spatial scales detectable in our ALMA observations. However, the presence of a companion may affect disk dispersal timescale and therefore the disk mass and size (e.g. Kraus et al. 2012; Harris et al. 2012 ).
B.1.2. 2MASS J11075792-7738449
While sub-mm continuum emission is clearly detected at the source position of 2MASS J11075792-7738449, the associated 13 CO emission is completely offset from its continuum center, as shown in Figure B3 (see also the channel map in Figure B4 ). The 13 CO emission peaks to the NE of the source position by ∼ 1 (component a) and extends to the south by 3 (component b).
High-resolution optical imaging with HST reveals a reflection nebulosity associated with the object (Schmidt et al. 2013) , shown as the background in the right panel of Figure B3 . Schmidt et al. (2013) argues that the reflection nebulosity is illuminated by the Herbig A0 star HD 97048, separated by ∼ 37 (0.034 pc for a Cha I distance of 189 pc) to the SE. The extended 13 CO emission (components a and b) is spatially consistent with the reflection nebulosity. The measured 13 CO flux increases significantly when including visibilities with baselines < 40 kλ. Since short baselines trace extended emission, the increased flux may originate from the nebula or nearby clouds. This origin may also be the most likely cause for component d, since no optical or sub-mm source is associated with it. Schmidt et al. (2013) discovered an ∼M4.5 companion, which is located 0. 5 (∼ 94 AU) W of the primary star and has a proper motion suggesting either an edge-on or a highly eccentric orbit. Since the dust disk has survived, the lack of 13 CO emission in the dust disk therefore should not be related to any disk dispersal caused by the companion. The detected 13 CO emission may not trace the disk but the nearby clouds instead. More sensitive observations are needed to understand the 13 CO emission from and around 2MASS J11075792-7738449. Table B1 continued Table B2 continued 
D. LINE LUMINOSITY VERSUS DISK MASS
With the model grids from MvD16, we fit simple functions for line luminosities and disk gas masses using the median 13 CO and C 18 O J = 3 -2 line luminosities in each gas mass bin. Similar to the methods of Miotello et al. (2016 Miotello et al. ( , 2017 , We fit a linear relation for line luminosity and gas mass in the low mass regime and a logarithmic relation in the higher mass end. Compared to the recent analysis of Miotello et al. (2017) , published during the final phases of preparation of this paper, we fit a linear relation in the log-log plane and choose a different transition mass. The fitting coefficients are listed in Table D3 . We calculate gas masses for our 13 CO detections using our fitted coefficients and the values provided in Miotello et al. (2017) , in which models with disk inclinations of 10
• and 80 • are fitted separately. As shown in Figure D2 , the derived gas masses are almost consistent. In most cases, the gas mass derived using our fitted functions should be reduced by factors of 1.6 (for models with inclination angle 10
• ) and 1.2 (for 80
• ) for consistency with the results in Miotello et al. (2017) . The discrepancies between the two methods are slightly larger for the few brightest sources in our sample.
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